widely used classification by Sillence and colleagues that divides OI into 4 types based on clinical and radiological findings and mode of inheritance. 36 A fifth distinct autosomal dominant type of OI was added to the classification by Glorieux and coworkers. 17 Autosomal recessive OI types, labeled in the literature as types VI-XV, are rare and range from moderate to lethal in clinical severity. 6, 14, 23, 33 These usually arise from mutations that generate deficiencies of proteins involved in posttranslational modification, folding, or secretion of Type I collagen.
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Clinical classification of OI can be challenging due to overlapping characteristics (Table 1) , but phenotypically the various forms can be divided into mild, moderate, severe, or lethal based on clinical severity of the disorder.
Craniocervical pathology is one of the most serious complications of OI, and it predominantly affects patients with severe OI types. 10, 22 It may be asymptomatic or may lead to compression of the brainstem and/or related neurovascular structures, resulting in a variety of subsequent neurological complications and symptoms. Chiari malformation is a possible comorbidity. 19, 27 Severe pathology can lead to perinatal death, whereas milder forms restrict life and cause moderate reduction of life span. 29 Pathology of the craniocervical junction and cranial base can be divided into 1) basilar impression, characterized by relative lowering of the skull base with endocranial introflection of the posterior edge of the foramen magnum; 2) basilar invagination, where the uppermost cervical structures protrude into the cranium; and 3) platybasia or flattening of the skull base. These 3 entities are separate, although they frequently coincide. 22 Neurosurgery with posterior occipitocervical fusion may be necessary to correct the effects of severe basilar invagination or impression. 21 The surgical treatment planning relies on radiographs and MR and CT images obtained with flexion and extension of the head. 24 Conventional lateral skull radiography is usually the first-line imaging modality in screening patients for further evaluation with MRI or CT. 21 The most significant progress in the treatment of OI has been the implementation of bisphosphonate therapy (since 1988) to increase bone mass and prevent fractures by reducing bone resorption. Reported benefits include increased bone mineral density and cortical bone thickness; reduction in fracture rate, deformity of long bones, and bone pain; normalization of vertebral morphology; and increased mobility. 5, 7, 32, 40, 41 The aim of the present study was to analyze whether bisphosphonates also affect the morphology of the craniocervical junction and cranial base. This possible effect has previously been largely unexplored.
methods

Patient cohort
This retrospective cohort study was carried out at the Children's Hospital, Helsinki University Central Hospital, Finland. The study was approved by the hospital's research ethics committee. The study cohort consisted of OI patients who were at the time of the study or had previously been under follow-up at the Metabolic Bone Clinic, Children's Hospital. The inclusion criteria were 1) diagnosis of OI, 2) treatment with bisphosphonates during growth, and 3) availability of radiographic evaluation of the cranial base during bisphosphonate treatment. The study inclusion cut-off age was set at 25 years, up to which age vertebral body growth has been reported to normally occur. 18 Altogether 39 patients (22 males and 17 females) fulfilled the inclusion criteria. They represented OI types I, III, IV, VI (1 patient), and VII (1 patient) based on clinical and radiological features and available genetic data. Their patient files were reviewed to obtain data on the frequency of fractures, neurological status, and symptoms. Possible neurological symptoms of brainstem pathology, such as cervical myelopathy, bulbar symptoms, and headache or neck pain, had been looked for in clinical examinations. The patients' height measurements were converted to ageand sex-specific z scores according to Finnish references.
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Radiographs and MRI studies were obtained on clinical indications for diagnosis, follow-up, and treatment planning and were reviewed retrospectively for this study. The age of the patients ranged from 0 to 24.8 years at the time of imaging. Longitudinal radiographic/MRI data were available for 22 patients (56%). For 20 of these patients, images had been obtained both before and after the onset of bisphosphonate treatment. Changes in the angulation of the cranial base and in the dimensions of the craniocervical junction were assessed for a mean observation period of 7.6 years (range 1.3-19.0 years).
To determine whether bisphosphonate treatment influenced the development of cranial base pathology, we used a historical comparison group of 70 patients (OI types I, III, and IV), aged between 0 and 39 years, who were not treated with bisphosphonates. The comparison group included longitudinal data on 23 patients aged between 0 and 23 years. 
Bisphosphonate treatment
The decision to treat patients with bisphosphonates had been made individually based on the patient's clinical features and symptoms. According to local guidelines, the patients were eligible for treatment if they had 1) a history of frequent fractures, 2) vertebral compression fractures, or 3) chronic disabling bone pain and/or 4) their vulnerability to fractures was estimated as being high. Prior to treatment, the patients and their parents were informed of the potential common side effects, such as hypocalcemia and fever, and of rare complications.
The patients were treated according to an individual treatment plan. They were assessed clinically, and serum and urine samples for bone turnover markers were obtained at baseline and during treatment. The patients were treated with zoledronic acid, pamidronate, or risedronate. Zoledronic acid infusions (Zometa, Novartis Pharma, Switzerland) were administered intravenously 0.025-0.05 mg/kg up to 2.0-4.0 mg once every 3-6 months. Pamidronate infusions (Aredia, Novartis Pharma, Switzerland; and Pamifos, Medac, Germany) were administered intravenously 0.5-1.0 mg/kg/day up to 60 mg for 3 days every 2-4 months. Orally administered risedronate (Optinate, Warner Chilcott, Germany) was given daily; patients weighing 10-30 kg received 2.5 mg, and patients weighing more than 30 kg received 5 mg daily. Bisphosphonate treatment was usually continued for 2-3 years and repeated, if necessary, after a treatment-free period. In addition, according to local practice, all patients with OI received daily vitamin D3 and calcium supplements according to their weight, if hypercalciuria was not present, during the treatment.
Cumulative bisphosphonate dose was calculated as the total dose received (in milligrams) per weight (in kilograms) times the relative potency of the chosen medication. The relative potency of bisphosphonates to inhibit bone resorption was applied as presented by Shaw and Bishop, assuming etidronate as having a potency of 1, pamidronate a potency of 100, risedronate a potency of 2000, and zoledronic acid a potency of 10,000. The bioavailability of risedronate is 0.63%. 34 The use of bisphosphonates in the treatment of pediatric OI patients was started in Finland in the year 2000, first in patients with severe OI and later also in those with milder forms. Therefore, there was a wide age range at the treatment onset in our cohort. The mean age of the patients was 7.9 years at the start of the treatment, and the mean duration of treatment was 3.2 years.
Cephalometric Analysis
The study was based on 94 lateral images of the skull (2 midsagittal MR images and 92 radiographs). The images were analyzed using a specially programmed algorithm in Viewbox software (version 3, dHal). Two examiners identified together on all the images 7 cephalometric landmark points based on which 3 cranial base measures were calculated (Fig. 1) . The reliability and applicability of the method has been previously reported together with normal values for healthy ethnic Finns.
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We used the following definitions and diagnostic criteria. Basilar invagination was diagnosed when the McRae measure was at or above 0. Basilar impression was diagnosed when the D-M angle exceeded 2.5 SD from the average age-specific norms. Platybasia was diagnosed when the anterior cranial base angle was more than 2.5 SD above the average age-specific norms. Patients who fulfilled at least one of these diagnoses were considered to have a cranial base anomaly.
Statistical Analysis
Generalized linear mixed model (Douglas Bates, Martin Maechler, and Ben Bolker, lme4: Linear mixed-effects models using S4 classes, 2011, http://cran.r-project. org/package=lme4.) was used to analyze the association between the cranial base anomalies and patient characteristics. Potential predictor variables were bisphosphonate treatment history (age at the onset of medication, duration of treatment, and cumulative dose), age, sex, and height z score, as well as OI type (mild, moderate, or severe). Cranial base anomaly was a dichotomous (yes/no) variable. Sex, OI type, and medication status were used as fixed effects and patient-specific intercept as random effect. Statistical calculations were done using the R language (version 2.13.0, R Development Core Team, R: A Language and Environment for Statistical Computing, Vienna, Austria, 2008) . Differences between groups in the Kaplan-Meier survival estimator were tested using a logrank test in SPSS. A Pearson correlation coefficient was computed to assess the relationship between the occurrence of cranial base anomalies and fracture frequency in SPSS (version 18, SPSS Inc.). 
results
Cohort Characteristics
Cohort characteristics are summarized in Table 2 . Twenty patients had mild OI, in 10 patients OI was classified as moderate, and in 9 patients as severe. The mean age at bisphosphonate treatment onset was 7.9 years in the whole cohort, and the mean duration of treatment was 3.2 years.
Cross-Sectional Analysis
Cranial base anomalies were present in all studied OI types and were more frequent in the severe types. Of the patients with mild OI, 25% exhibited a cranial base anomaly. Of those with moderate OI, 70% had an anomaly, and of patients with severe OI 78%. Altogether 13 (33%) of the 39 patients had at least 1 cranial base anomaly at some point (Table 3) . Platybasia was the most prevalent diagnosis (28%). Of those with platybasia, 33% also had another cranial base anomaly.
Logistic regression analysis suggested that a higher risk for basilar impression or basilar invagination correlated with the severity of OI (Type III, OR 22.04, 95% CI 
Longitudinal Analysis
Eight patients exhibited a cranial base anomaly already before the initiation of bisphosphonate treatment. In 4 of them, the pathology persisted. Basilar impression and invagination persisted in the follow-up, whereas platybasia was later no longer detected in 4 patients previously diagnosed with it. Basilar impression or invagination was not diagnosed in patients under the age of 3 even prior to the start of the treatment. Platybasia, however, was present from birth, suggesting antenatal development.
After the onset of bisphosphonate treatment, 5 patients (23%) previously not displaying cranial base pathology, developed an anomaly at ages ranging from 1 to 18 years; 4 developed platybasia, and 1 developed basilar invagination. In addition, 1 boy with moderate OI (Type IV) acquired * Subsample of the original study cohort comprising patients not treated with bisphosphonates. Some patients were also included in the present study after the onset of bisphosphonate treatment. † Threshold limit of basilar impression and platybasia 3 SDs above the average of healthy controls.
both basilar impression and platybasia 2 years after the onset of treatment at the age of 13.5 years, adding to existing basilar invagination. A boy with severe OI (Type III) acquired both basilar impression and basilar invagination 1.2 years after the onset of treatment at the age of 4.5 years. Figure 2 displays Kaplan-Meier curves from longitudinal follow-up of the study group and the comparison group of patients not treated with bisphosphonates. There was a trend toward delayed development of cranial base pathology in the treated patients. However, no statistically significant difference was detected in the time to occurrence of pathology between the 2 groups (basilar impression, log rank = 0.205 on 1 df, p = 0.651; platybasia, log rank = 0.326 on 1 df, p = 0.568). In 8 patients, bisphosphonate treatment was started under the age of 3 years. None of these patients developed later basilar impression or invagination during follow-up ranging from 1 to 8 years. Figure 3 illustrates the cranial base status in the patients with early and late onset of treatment after a minimum of 2-year treatment duration.
Neurological Symptoms and Fracture Rate
Most of the patients (74%) were household or community walkers according to the criteria of Bleck 8 and Engelbert et al. 12 Ten patients with the most severe OI were, however, nonwalkers. All but one of them displayed a cranial base anomaly, further supporting the association between cranial anomalies and the severity of OI. However, statistically the association between cranial base anomalies and level of ambulation was weak (phi = -0.40, p = 0.013).
Of the 13 patients with cranial base anomalies, only 3 experienced related symptoms. An 18-year-old male with moderate (Type IV) OI and all 3 cranial base anomalies suffered from recurring headache. His twin sister, who also had moderate OI (Type IV) and all 3 cranial base anomalies, was referred to a pediatric surgeon for treatment planning following diagnosis of Chiari malformation Type I (CM-I). Her main symptom was recurring Fig. 2 . Kaplan-Meier curves for the age to basilar impression (upper) and platybasia (lower). The red lines indicate findings in the bisphosphonate-treated study group, and the blue lines indicate findings in a previously described control group of OI patients not treated with bisphosphonates. 4 Numbers of patients at risk at each time point are given below the figures. headache. A male patient with severe OI (Type III) and all 3 cranial base anomalies underwent surgical treatment of the pathology during the follow-up period. Surgical decompression and posterior stabilization was performed at the age of 8 years due to CM-I with a sole clinical symptom of muscle weakness in lower limbs first detected a year prior to surgery. Chiari malformation was diagnosed on the MRI. An MRI study was performed following a radiographic finding suggestive of pathology. Polysomnography was employed in 1 case involving a patient with severe OI and no radiologically detected craniocervical anomalies. She was found to have an only slightly decreased tidal volume associated with her small truncal height (height z score -7). The youngest patients were not expected to be able to report all possible symptoms. A 3.8-year-old girl with severe OI only moved on the floor by pulling herself on her back. As noted in physiotherapy, she was reluctant to flex or extend her head, which could be a sign of discomfort. Her radiographic analysis revealed measures just below the limit of pathology.
Data on radiologically diagnosed vertebral and peripheral fractures were available for 27 patients, with an average yearly fracture frequency of 0.80 before bisphosphonate treatment and 0.72 after initiation of treatment. The difference was statistically insignificant, with age and level of activity as confounders. The frequency of fractures after initiation of bisphosphonate treatment and the likelihood of developing or retaining a cranial base anomaly did not correlate (r [27] = 0.21, p = 0.296).
Discussion
The ligamentous and bony structures of the craniocervical junction allow movements of the head and provide structural support. Craniocervical instability may develop in skeletal dysplasias, such as OI, where craniocervical junction anomalies have been observed in mild, moderate, and severe types of OI, but not in the perinatally lethal type. 31 We undertook this study to explore whether bisphosphonate treatment, used to improve bone strength, could also avert the possible serious complication of craniocervical junction pathology in children with OI.
In this cross-sectional and longitudinal study, we found a prevalence of cranial base anomalies in 39 bisphosphonate-treated patients that was similar to the prevalence found in our previous study on growing OI patients not treated with bisphosphonates, with the same threshold limits and comparable clinical and ethnic background of the patients. 4 As in untreated patients, notable individual variation was observed in the treated patients with respect to the course of the anomalies with growth. In some patients the anomaly progressed, whereas in some an improvement was seen. When compared with the historical group of OI patients with comparable severity and no exposure to bisphosphonates, a trend toward delayed development of cranial base pathology was observed (Fig.  2) . However, the differences between the groups were not statistically significant.
The pathogenesis of craniocervical pathology in OI is believed to involve a combinative effect of bone fragility, malleability, and excessive ligament laxity. In an upright position, particularly, the weight of the brain compresses the cranial base, causing microfractures. Simultaneously, the cervical spine migrates upwards relative to the cranium. 15, 31, 35 A delay in adoption of an upright position has been documented in children with OI. The delay is most evident in the severe forms of the disorder. The mean age at which standing occurs has been reported to be 11 months in Type I, 16 months in Type IV, and 40 months in Type III OI. 39 In our cohort, which represented a wide age range, the similar fracture frequency rate before and after the onset of bisphosphonate treatment might reflect a higher activity level following treatment, which can in turn result in more traumatic fractures, as noted for instance by Ward and coworkers. 41 Numerous additional factors, such as presence of long-bone deformities, influence the fracture rate. No cases of osteonecrosis of the jaws, as an adverse affect of the bisphosphonate treatment, occurred in our study cohort.
Our findings are consistent with previous ones in that basilar impression and invagination are detected from the age of 2 years onwards, whereas platybasia may be present from birth. 4 The significance of platybasia is disputed. 26 In previous studies, it has been associated with basilar impression and invagination. 9, 22 Patients with a larger anterior cranial base angle display a more horizontally oriented clivus and subsequently can be expected to have an elevated curvature of the brainstem, which causes compression of the ventral brainstem. Platybasia has been suggested to predispose to the development of Chiari malformation by leading to overcrowding of the posterior fossa and consequently to tonsillar herniation through the foramen magnum. 13 A spontaneous recovery from platybasia, as seen in this study, can be explained by the naturally occurring steepening of the anterior cranial base angle with growth. 20 As further support, platybasia has been found to be less prevalent in older OI patients not treated with bisphosphonates (Table 3) . 22 The strength of this study is that the radiographs were obtained in an upright position. Relationships between the craniocervical junction structures have been shown to differ in supine and upright positions in patients with Ehlers-Danlos syndrome, 28 with features overlapping with OI in terms of ligament laxity. Thus, it can be speculated that in OI as well, the odontoid process is brought closer to the clivus in the upright position, which would affect both McRae and D-M measures by increasing the values and decreasing the number of false-negative results. The weaknesses of this study are the limited cohort size due to the rarity of OI, the wide clinical heterogeneity of OI as a disorder, variable treatment protocols and duration, and the use of mainly 2D images. Power analysis displays the weakness of the statistical analysis, for an odds ratio of 0.20 the power was 23%.
Our findings corroborate the previous recommendation for radiological screening of all pediatric patients with OI before school age, after which individually adjusted follow-up is warranted in patients with abnormal radiological findings and/or neurological symptoms. 
Conclusions
Our study shows that cranial base anomalies may develop despite bisphosphonate treatment. Treatment started in infancy may delay the development of craniocervical junction pathology. The preventive effect of bisphosphonate treatment remains unclear. The ligaments and vertebral instability are likely to play a major role in the development of craniocervical pathology after a child attains an upright posture, and bisphosphonate therapy may not have a significant impact on these factors. Our finding that cranial base anomalies may develop despite bisphosphonate treatment is consistent with previous studies. 4, 11 Further studies in larger patient cohorts with extended follow-up are needed to confirm our findings; the use of MRI in longitudinal follow-up would give more detailed data on the progression of cranial base pathology. The overall effects of bisphosphonates on the skeleton are growth dependent, and thus early treatment initiation is recommended. 30 Our results give further support to this recommendation.
